Sclerotome
Introduction
The vertebrate axial skeleton develops from embryonic structures called somites. Each somite pair differentiates into the cartilage, bone, muscle and connective tissue of one vertebral motion segment (Christ et al., 2000) . The type (cervical, thoracic, lumbar, sacral or caudal) and unique morphology of each segment depends on its location along the body axis. For the most part, the genetic mechanisms that govern somite development are shared. However, morphological variation along the body axis requires input from Hox transcription factors, which interact with somite patterning and differentiation pathways in ways that are still not well understood.
Amniote genomes encode nearly 40 Hox genes, which are expressed in staggered and overlapping domains along the embryonic body axis, including in the somites and their precursors. Co-expressed Hox proteins act largely combinatorially to specify the identity of each segment. Just as in invertebrates, amniote Hox mutations can produce homeotic transformations, in which segments develop with morphologies inconsistent with their axial levels (reviewed in Wellik, 2009 ).
In the somites, it is clear that Hox genes act over multiple developmental stages. For most, expression begins during gastrulation and anterior-posterior boundaries are established in the pre-somitic mesoderm (PSM). This early 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.02.002 expression is associated with determination of segmental identities: misexpression of Hox genes in PSM (but not after segmentation) leads to homeotic transformations, and somites heterotopically transplanted after segmentation retain the axial identity and Hox expression of their original locations (Carapuco et al., 2005; Fomenou et al., 2005; Kieny et al., 1972; Nowicki and Burke, 2000) . Later Hox expression within somites is also important for morphogenesis. Expression within somites is often dynamic, and for some genes becomes restricted to compartments or sub-domains within somitic compartments (for example, see Mansfield and Abzhanov, 2010; Ohya et al., 2005) . Hox misexpression in segmented somites does not produce homeotic transformations but does alter skeletal morphologies (Carapuco et al., 2005; Yueh et al., 1998) . Together, this suggests a continued role for Hox genes in differentiating somites and their derivatives.
In cases where they are known, the cellular process regulated by Hox proteins during skeletal development are diverse. In endochondral bones roles for individual Hox proteins include regulation of the recruitment of cells to and adhesion of cells in precartilagenous condensations, regulation of cell proliferation rates, and regulation of cartilage differentiation and ossification rates (Abzhanov et al., 2003; Aubin et al., 2002; Boulet and Capecchi, 2004; Dolle et al., 1993; Goff and Tabin, 1997; Kanzler et al., 1998; Massip et al., 2007; Rijli et al., 1993; Stadler et al., 2001; Yokouchi et al., 1995; Yueh et al., 1998) . In at least some cases, Hox proteins act on cartilage indirectly, by regulating signaling from muscle to cartilage precursors (Vinagre et al., 2010) . Precise control over each of these processes is crucial to sculpt shapes of resulting skeletal elements.
The vertebral column is derived primarily from the sclerotome compartment of somites (reviewed in Christ et al., 2007) . In amniotes, sclerotome arises from the ventral halves of newly formed epithelial somites via an epithelial to mesenchymal transition. As the sclerotome matures it segregates into sub-populations with different fates: some cells migrate ventro-medially to surround the notochord, giving rise to vertebral centra and intervertebral discs, others migrate ventro-laterally to form ribs (in thoracic segments) or ribhomologous structures, and others migrate dorsally to form neural arches and spinous processes. The lateral-most sclerotome near the anterior and posterior borders of each somite comprises syndetome, which gives rise to axial tendons. Thus, what appears morphologically to be a homogenous population of mesenchyme in fact contains several subdomains distinguished by different fates and different patterns of gene expression, and whose lineages in some cases separate long before somite formation (Ordahl and Le Douarin, 1992; Olivera-Martinez et al., 2000; Eloy-Trinquet and Nicolas, 2002 and reviewed in Christ et al., 2007) . The early stages of somite development, including compartmentalization and the specification and condensation of sclerotome cartilage, occur similarly along the length of the body axis, and thus have been proposed to be independent of Hox input. However, combinatorial Hox expression within developing somites may then modify their developmental programs, leading to varied vertebral morphologies along the body axis (reviewed in Mallo et al., 2009 ).
Here, we investigated the role of Hoxa-5 in development of the chick axial skeleton, focusing on its late role in segmented somites. Hoxa-5 non-redundantly patterns the cervical-thoracic transition in mice; null mutants have homeotic transformations in the posterior cervical and anterior thoracic vertebrae (Jeannotte et al., 1993) . However, its roles after somites have segmented have not been studied.
We focused on this late role because we previously found that in chick, Hoxa-5 expression becomes restricted to a subset of lateral sclerotome cells (Mansfield and Abzhanov, 2010) , potentially implying a specific function in a subset of cartilage progenitors. Here, we show that knockdown of Hoxa-5 specifically reduces cartilage formation in the transverse foramen and costal processes, cervical cartilage elements that are derived from lateral sclerotome and serially homologous to ribs. Reduced cartilage formation is associated with increased Sox-9 expression, a phenotype previously observed in the appendicular skeleton of mouse Hoxa-5 mutants. We also find that regulated expression of Hoxa-5 within segmented somites is important for morphology of cervical vertebrae, since spatial and temporal misexpression disrupts vertebral cartilage formation. Finally, we show that the lateral localization of Hoxa-5 mRNA expression in sclerotomes is regulated by two signals that pattern sclerotomes along the medial-lateral axis, Shh and Fgf-8, and by Pax-1, a downstream target of Shh.
Together, our results suggest that Hoxa-5 plays a specific role in segmented somites, regulating the development of a subset of cartilaginous mesenchyme that develops with very different morphologies in cervical compared to thoracic segments. Hoxa-5 has come under the influence of signaling pathways that pattern the somites, which may have allowed its activity to become localized within the sclerotome.
Results

Hoxa-5 is expressed in a subset of lateral sclerotome cells
Previously, we found that Hoxa-5 mRNA expression is largely restricted to lateral sclerotome cells. Based on a survey of Hox expression, this pattern is unusual for a Hox transcript (Mansfield and Abzhanov, 2010) . We began the current study by examining somitic expression of Hoxa-5 mRNA over time and in comparison to markers for different sub-domains of the sclerotome.
In chicks, Hoxa-5 is expressed in somites that give rise to the seven posterior cervical vertebrae (C8-C14; somites 12/13-18/19), with a posterior boundary of strong expression at the cervical-thoracic transition ( Fig. 1A and B, black arrowheads (Gaunt, 2000; Mansfield and Abzhanov, 2010) ). Weaker expression grades out posteriorly over 4-5 thoracic segments (white arrowhead, Fig. 1B ). Expression appears scalloped due to its absence from myotomes that overlie the sclerotome. Transcripts are also present in the neural tube, dorsal root ganglia, and several lateral plate mesoderm derivatives ( Fig. 1A and B) .
Hoxa-5 mRNA expression is temporally dynamic. In compartmentalized somites, at HH18, it is weakly expressed, but signal is detected throughout the sclerotome (Fig. 1C) , with slightly higher levels ventrally (white arrow). Expression is also detected in the dorso-medial and ventro-lateral lips of the dermomyotome (DML, VLL, black arrows), but it is notably absent from the underlying myotome (arrowhead). By HH24, expression is highly concentrated in the dorsal-lateral and ventral most sclerotome, but is absent from central sclerotome (Fig. 1D , 2A, arrows; Mansfield and Abzhanov, 2010) ). The areas of highest accumulation include a cap of cells around the VLL and DML and also includes a few cells within the DML ( Fig. 2A, arrowhead) . Expression is extinguished from the VLL at this stage, and, as at HH18, Hoxa-5 remains otherwise absent from the myotome. By HH30, Hoxa-5 is detected in mesenchyme surrounding the vertebral cartilage, and in the perichondrium or a layer of mesenchyme immediately external to it, but is largely excluded from the cartilage (Fig. 1E) . In sum, this dynamic somitic pattern involves initiation in sclerotome and in dermomyotome lips, followed by refinement to the lateral sclerotome including caps around the myotome lips and the DML, followed by exclusion from cartilage.
To further assess which cells express Hoxa-5, we compared expression to other markers at HH24. Transverse tissue sections ( Fig. 2A and B) or frontal sections at the notochord (Fig. 2C ) or neural tube (Fig. 2D ) level were stained for the transcripts indicated (purple). Fig. 2A and B were also lightly counterstained for Myf-5 to mark myotome (brown). Within each panel, tissue sections shown were immediately adjacent, with the exception of the transverse Scx panel in Fig. 2A and B, which was cut from the same somite but several sections posterior to the rest of the panel to reveal the highest level of Scx expression (Scx expression was low in the adjacent section, not shown).
Sclerotome derivatives include both axial cartilage and tendon. Scleraxis (Scx) marks the tendon-forming syndetome (Brent et al., 2003; Schweitzer et al., 2001) . Sox-9 marks early cartilage progenitors, which constitute the bulk of the sclerotome (Ng et al., 1997; Zhao et al., 1997) , although its expression pattern is dynamic, reflecting varied differentiation rates of different sclerotome derivatives (see Section 3).
Comparison to these markers shows that Hoxa-5 is expressed at highest levels in lateral sclerotome, and at somewhat lower levels in syndetome. Scx and Hoxa-5 expression overlaps along the dorsal-ventral extent of the somite (Fig. 2B , arrows 1-4). However, in frontal sections, syndetome expression is revealed to be lower that in lateral sclerotome ( Fig. 2C and D, highest Hoxa-5 levels are present in lateral sclerotome, between arrowheads 2 and 3, with lower levels in Scx expressing syndetome between arrowheads 1 and 2).
Within cartilage-forming sclerotome, Hoxa-5 and Sox-9, show a mainly inverse, but overlapping, pattern (Fig. 2) . The areas of highest Hoxa-5 expression are low or negative for Sox-9 (Fig. 2B , arrows 1 and 4; Fig. 2D , between arrowheads 2 and 3). Conversely, areas with highest Sox-9 are either low or negative for Hoxa-5 (Fig. 2B, arrow 2, Fig. 2C below arrowhead 5, Fig. 2D , below arrowhead 3). There is one exception to this trend: the transcripts overlap in the lateral-most sclerotome at notochord level, around the segment boundaries (Fig. 2B, arrow, 3, Fig. 2C , between arrowheads 2 and 3) although even in this region some inverse relationship between transcripts can be distinguished. Maximal co-expression is marked by an asterisk in Fig. 2C , schematic, and occurs in lateral-posterior sclerotome which contains transverse process precursors (Goodrich, 1930) .
We also compared Hoxa-5 expression to central sclerotome markers Pax-1 and Pax-9 (Barnes et al., 1996; Ebensperger et al., 1995; Peters et al., 1995 and Fig. 2) , genes that redundantly promote Sox-9 expression, as well as proliferation and maintenance of vertebral bodies, intervertebral discs, and neural arches (Peters et al., 1999) . They also antagonize other sclerotome subdomains, including syndetome and dorsal sclerotome (Brent et al., 2003; Peters et al., 1999; Watanabe et al., 1998) . Hoxa-5 expression is also largely inverse to Pax-1 and Pax-9 in sclerotomes. In transverse section, as for Sox-9, areas of highest Hoxa-5 are low or negative for Pax-1 and Pax-9 and vice versa (Fig. 2B , compare arrows 1, 2 and 4). In frontal sections, it's most apparent that Pax-1 is almost entirely non-overlapping with Hoxa-5 ( Fig. 2C and D) the region of sclerotome where Hoxa-5 does overlap with Sox-9, some accumulation of Pax-9 and, to a lesser extent, Pax-1 is also seen (Fig. 2B, arrow 3, Fig. 2C , marked by an asterisk). Hoxa-5 is expressed most highly in precursors of C8-C14 (somites 12/13-18/19; black arrowheads), with weaker expression extending into the thoracic region (white arrowhead), as previously described (Gaunt, 2000; Mansfield and Abzhanov, 2010) . Within developing somites, the expression pattern is dynamic. (C) At HH stage 18, Hoxa-5 is weakly expressed throughout sclerotome with highest accumulation in the ventral-lateral sclerotome (white arrow). Expression is also present in the dorso-medial and ventrolateral lips of the dermomyotome (black arrows) but absent from the myotome (arrowhead) (D). By HH24, expression is specific to the sclerotome, with the exception of a few cells in the DML, and is most highly concentrated in the lateral sclerotome including a cap of cells around the myotome lips (arrows). (E) At HH30, Hoxa-5 mRNA mostly absent from cartilage, but is present in a layer of cells surrounding the cartilage and in surrounding mesenchyme.
In sum, Hoxa-5 expression marks a previously undescribed sub-domain in HH24 somites: expression is restricted to lateral sclerotome and to a lesser extent in the syndetome. This sclerotome sub-domain is fated to become lateral vertebral structures whose morphology varies across the cervicalthoracic transition, including (from dorsal to ventral): spinous processes, transverse processes, and ribs or rib homologous structures (transverse foramen, costal process) (Christ et al., 2007; Goodrich, 1930) . Localized expression of Hoxa-5 to precursors of these structures could indicate a localized role in regulating the development of this subset of sclerotome cells. This led us to test the late role of Hoxa-5 in segmented somites.
Hoxa-5 RNAi in chick embryos
To test the function of Hoxa-5, we used a previously described method for RNA interference (RNAi, Harpavat and Cepko, 2006) . Briefly, 22 nucleotides of the Hoxa-5 3 0 UTR were substituted into the stem of the human miR-30 pre-miRNA to form a chimeric miRNA gene (Zeng et al., 2002) , which was fused to the mouse U6 polymerase III promoter and inserted into the RCAS retroviral vector (Fig. 3A ). Cells infected with recombinant retroviruses should constitutively express and process Hoxa-5-directed siRNAs, leading to downregulation of Hoxa-5 expression. Initially, three siRNA viruses were constructed (see methods), however only one produced transcript knockdown and was used in subsequent experiments (referred to as RCAS-Hoxa-5-siRNA). We first assessed transcript knockdown by quantitative RT-PCR. Embryos were infected with the RCAS-Hoxa-5-siRNA virus at HH11-12, when cervical somite precursors are in the PSM. Both sides of the PSM and the neural tube, which also expresses Hoxa-5, were infected by microinjection of concentrated virus, which generally leads to infection in between 3 and 7 consecutive segments (Fig. 3B , schematic). After 2 days (HH20) or 3 days (HH25), the cervical trunk encompassing the Hoxa-5 expression domain (somites 13-19), was dissected (boxed in green in Fig. 3B ) and processed for qPCR. At both time points, Hoxa-5 transcripts were reduced by approximately one third following siRNA delivery compared with uninfected control embryos ( Fig. 3B ; both were significant, 1-tailed unpaired t test; p = .037 HH20; p = .019 HH25; n = 3 analytical replicates; 1-3 animals per sample at HH20; 3-4 animals per sample at HH25). Although this is a relatively modest mRNA knockdown, it can be attributed in part to the fact that infections do not spread to every cell within targeted tissues. Further, PSM injection at this stage typically infects an average of five consecutive segments, while we measured expression within the entire seven segments of the Hoxa-5 domain.
We therefore next examined protein knockdown using a reporter assay. A ubiquitously expressed nls-GFP reporter was fused to a segment of the Hoxa-5 3 0 UTR containing the region targeted by the RCAS-Hoxa-5-siRNA virus, and transfected into chick embryonic fibroblasts. Strong nuclear GFP fluorescence was observed in cells transfected with this reporter ( Fig. 2C , left column). When transfected cells were infected with an RCAS-Hoxa-5-siRNA virus, substantial downregulation of nGFP was observed by 24-48 h post-infection ( Fig. 2C , right column). Most cells showed complete or near-complete loss GFP fluorescence. Thus, the siRNA virus effectively and substantially down-regulates Hoxa-5 protein in infected cells within 1-2 days.
Hoxa-5 RNAi reduces cartilage in derivatives of ventral-lateral sclerotome
We examined the effect of Hoxa-5 knockdown in segmented somites on resulting vertebral morphology. Embryos were infected with the RCAS-Hoxa5-siRNA virus on one side of the PSM at HH11-12, to target cervical somites just prior to their segmentation. The PSM on the contralateral side served as an internal, uninfected control (diagrammed in Fig. 4I ). The relatively late delivery of the virus should bypass the early role for Hoxa-5 in determining segmental identity, and test its later roles in maturing somites. As expected, we did not observe homeotic transformations following this procedure. However, we did observe a specific and reproducible morphological change in cervical vertebrae: loss or reduction of ventral-lateral cartilage including the ventral-lateral edge of the transverse foramen, and the costal process that projects from it ( Fig. 4A -H, arrows). Other vertebral structures, including vertebral bodies, neural arches and spinous processes were indistinguishable from controls. In 14/26 embryos (54%), ventrallateral cartilage was reduced on the targeted side in at least three consecutive segments (Supplementary Table 1 and Supplementary Fig. 1 ). This is consistent with our assay, which usually infects 3-7 consecutive somites (five on average). In contrast, 4/27 (15%) of control embryos had three or more vertebrae with asymmetric vertebral cartilage development (in any region), as did, 0/9 embryos infected with RCAS virus misexpressing an unrelated small RNA (let-7e).
The most common phenotype associated with RCAS-siR-NA was reduction in ventral-lateral cartilage in multiple consecutive segments, but we also noted that minor perturbations in lateral cartilage symmetry were generally more common compared with controls ( Supplementary Fig. 1 and Supplementary Table 1 ), and that many embryos (11/26, or 42%) were essentially symmetric, with no more than two The schematic diagrams the infection protocol (anterior is up; circles represent somites, half-circles represent forelimbs). Embryos were bilaterally infected in somites and neural tube of cervical region (blue indicates the average infection of five consecutive segments). At stages indicated, the cervical region including the Hoxa-5 expression domain (boxed in green) was dissected and processed for qPCR. The ratio of Sox-9 to ß-actin and Gapdh references was quantified, and plotted normalized to the control sample; error bars represent analytical replicates. At both 2 days (HH20) and 3 days (HH25) post-infection, Hoxa-5 transcripts in the Hoxa-5 expression domain were reduced by approximately one third relative to controls. (C) Substantial downregulation of target protein by theRCAS-Hoxa-5-siRNA virus is observed after 2 days using a GFP reporter construct. Chick fibroblasts were transfected with a nuclear GFP reporter fused to the RCASHoxa-5-siRNA target site in the Hoxa-5 3 0 UTR. nGFP florescence is observed on a control plate (left), but is substantially reduced two days post infection with the RCAS-Hoxa-5-siRNA virus (right).
consecutive asymmetric vertebrae (on either side). While it is possible that there is variable penetrance and expressivity of the Hoxa-5 knockdown phenotype, our assay cannot directly test this because there is variability in the success and extent of infections generated with the RCAS method.
As discussed further below, it is notable that the cartilage reduction and loss was specific to areas derived from ventrallateral sclerotome, which highly expresses Hoxa-5 and which gives rise to rib-homologous structures However, we did not observe changes in cartilage derived from dorsal-lateral sclerotome, which also expresses high levels of Hoxa-5.
2.4.
Hoxa-5 negatively regulates the early chondrocyte marker Sox-9
Hox proteins can affect skeletal morphology through regulation of various processes. In a previous study, Hoxa-5 null mouse embryos showed increased and prolonged Sox-9 expression in the acromion condensation (a component of the appendicular skeleton), and associated cartilage reduction or loss (Aubin et al., 2002) . We therefore asked whether Hoxa-5 might also regulate Sox-9 in sclerotome, where targets are completely unknown.
Following Hoxa-5 knockdown we observed subtly increased Sox-9 expression during HH25-29 compared with contralateral control somites (Fig. 5A-F ). This increased expression was evident in both dorsal and ventral-lateral sclerotome, where highest levels of Hoxa-5 transcripts are found (Fig. 5A , C, E, compare black arrows to white arrows).
We confirmed this increase in Sox-9 expression by quantitative RT-PCR. For this experiment, embryos were bilaterally infected with RCAS-Hoxa-5-siRNA as described in Fig. 3B . In Hoxa-5 knockdown embryos, there was an approximately 1.5-fold increase in Sox-9 transcript levels compared with stagematched control embryos ( Fig. 5G ; p = 0.014; two-tailed t-test; n = 3 analytical replicates; 8-9 animals pooled per sample).
If Hoxa-5 acts in the sclerotome, then the effects of Hoxa-5 knockdown are expected to be cell-autonomous. It is therefore important to note that knockdown did not change the overall, temporally and spatially dynamic, Sox-9 expression pattern. Thus, there was not a perfect correlation between viral protein levels and Sox-9 transcript levels throughout the sclerotome. Rather, increased Sox-9 was observed only within its normal expression domain in infected tissue. And in partially infected tissue, infection could be observed to correlate with Sox-9 expression, suggesting cell autonomous regulation. Fig. 5H shows an infected cervical half-somite, and Fig. 5I -L shows a close-up of the prospective cartilage surrounding the transverse foramen. Within this area, Sox-9 expression is spatially varied, and regions of high Sox-9 correlate with the highest RCAS infection (Fig. 5J -L, black arrowheads). Conversely, areas with lower Sox-9 correspond to lower infection (white arrowheads). However, even within this section the correlation does not hold perfectly; for example, cells immediately surrounding the transverse foramen strongly stain for RCAS but are low or negative for Sox-9 (yellow arrowheads). Further, RCAS infection continues ventral to the cartilage condensation in this section, where, as expected, it does not correlate with Sox-9 expression.
Localized expression of Hoxa-5 is necessary for proper vertebral morphology
The expression pattern and phenotype of Hoxa-5 knockdown suggest it plays a local role in ventral-lateral sclerotome. To test whether restriction of Hoxa-5 expression to the lateral sclerotome is important for its function, we misexpressed it throughout cervical somites using an RCAS virus containing the chick Hoxa-5 open reading frame. RCASHoxa-5 was microinjected into the right-side PSM at HH11-12 to infect somites just prior to segmentation. Following infection, Hoxa-5 transcripts are detected throughout targeted ) . The contralateral side serves as an uninfected control. Hoxa-5 knockdown led to specific reduction or loss of the transverse foramen and costal process (arrows point to transverse foramen (or its absence); the costal process forms on its ventral-lateral edges, compare control and knockdown vertebrae). Some reduction in transverse process cartilage dorsal to the transverse foramen is also apparent (C and G), but other vertebral structures are unaffected. Affected structures are derived from ventral-lateral sclerotome that highly expresses Hoxa-5.
somites (Fig. 6G) . It should be noted that this treatment not only spatially but also temporally extends Hoxa-5 expression due to the constitutive viral promoter that acts in all infected cells and their derivatives.
Hoxa-5 misexpression in cervical somites led to a reduction in cartilage throughout half-vertebrae derived from targeted somites (Fig. 6A-F) . In contrast to knockdown, this effect was not restricted to any vertebral sub-region. Cartilage reduction in three or more consecutive segments on the targeted side was observed in 7/21 (33%) of targeted embryos (Supplementary Table 1 and Supplementary Fig. 1 ), again consistent with the number of segments typically affected in our assay. As described above, in control embryos, 4/27 (15%) showed some cartilage asymmetry in three or more segments, but it was never as pronounced as that observed with the RCAS-Hoxa-5 virus. 0/9 embryos infected with an RCASlet-7 virus showed vertebral asymmetry in three or more consecutive segments. Fig. 4I . At HH25 an increase in Sox-9 is observed in dorsal sclerotome (A-B, frontal section), compare white arrow on control side to black arrow on infected side. Sox-9 expression is also increased in ventral sclerotome (C-D), compare white and black arrows. At HH29 (E, transverse section), Sox-9 expression is higher on the infected side compared to the control side including the ventral vertebral body and transverse foramen anlagen (black and white arrows). (G) A significant increase in Sox-9 expression was confirmed by quantitative RT-PCR on cervical somites infected with the Hoxa-5 siRNA virus. For qPCR, embryos were bilaterally infected as schematized in Fig. 3B and compared to uninfected controls. The ratio of Sox-9 to a ß-actin reference was quantified, and plotted normalized to the control sample; error bars represent analytical replicates. (H) HH29 somite, in transverse section, with cartilage condensation surrounding the transverse foramen boxed (NC = notochord; NT = neural tube; VB = vertebral body condensation; XF = transverse foramen condensation). (I) Schematic of boxed area, outlining the prospective cartilage surrounding the transverse foramen. (J and K) show Sox-9 in situ hybridization and fluorescent staining for the viral Gag protein on the same section, and (L) is an overlay of the two images. Arrowheads in I-K are located in the same position. Black arrowheads indicate regions of highest Sox-9 that correlate with high viral infection; white arrowheads indicate a correlation between low Sox-9 and low viral infection; yellow arrowheads indicate areas where the two signals do not appear to correlate. Please see text for further description.
Hoxa-5 misexpression also led to reduction in Sox-9 transcript levels. Embryos were bilaterally infected with RCASHoxa-5 and processed for quantitative RT-PCR following the same procedure described in Fig. 3B . Hoxa-5 misexpression led to an approximately twofold decrease in Sox-9 transcripts compared to stage-matched control embryos ( Fig. 6H ; p = 0.032; two-tailed t-test; n = 3 analytical replicates; three animals pooled per sample).
Shh and Fgf-8 localize expression of Hoxa-5 to lateral sclerotomes
The restriction of Hoxa-5 mRNA to lateral sclerotome in mid-stage somites is an unusual pattern, based on a previous survey of Hox group 4-8 expression (Mansfield and Abzhanov, 2010) . While its anterior and posterior segmental expression boundaries are established early, as they are for all Hox genes, it is possible that the observed refinement to lateral sclerotome is regulated by signaling pathways acting within compartmentalized somites.
Two antagonistic signals that pattern sclerotome along its medial-lateral axis are Shh, secreted from notochord and floor plate, and Fgfs, from central myotome (reviewed in Brent and Tabin, 2002) . In amniotes, Shh induces sclerotome formation, while continued Shh promotes central sclerotome fates and antagonizes dorsal sclerotome and syndetome fates. In contrast, Fgf-8 promotes syndetome but antagonizes central sclerotome fates (Brent et al., 2003; Brent and Tabin, 2004; Monsoro-Burq et al., 1994; Watanabe et al., 1998) .
We misexpressed Fgf-8 using an RCAS virus targeted unilaterally to the PSM as described in Fig. 4I . In agreement with a previous report, Fgf-8 misexpression led to expansion of the syndetome marker Scx medially ( Fig. 7B and (Brent et al., 2003) ). Hoxa-5 likewise showed a medial expansion, and a flattened lateral-to-medial gradient, with expression extending into the central sclerotome along the dorsal-lateral length of the somite (Fig. 7C , compare black to white arrows). The expanded Hoxa-5 domain included but was not limited to that of Scx, suggesting expanded Hoxa-5 occurred in both tendon and cartilage progenitors. It is worth noting that Hoxa-5 expression was never observed in the most central sclerotome adjacent to the notochord and floor plate, even when Fgf-8 was misexpressed in medial-most sclerotome (Fig. 7C) , perhaps due to a repressive midline signal such as Shh. Similarly, it was previously found that Shh misexpression upregulates Fgf-8 itself, but that this does not permit expansion of Scx expression adjacent to the Shh source (Brent et al., 2003) .
We next misexpressed Shh in the PSM. Infections that led to lateral expression of Shh inhibited Scx expression, as previously reported (Fig. 7E and Brent et al., 2003) . Hoxa-5 expression was also reduced in lateral sclerotome (Fig. 7F) , suggesting that Shh signaling also antagonizes Hoxa-5.
2.7.
Pax-1 contributes to Hoxa-5 localization within sclerotomes Hoxa-5 expression in lateral sclerotome is largely inverse to that of Pax-1, suggesting a possible antagonistic relationship between the two (Fig. 2) . Further, Pax-1 expression is maintained in central sclerotome by Shh signaling, and Pax-1 was previously shown to mediate some patterning functions of Shh, including antagonizing Scx expression in syndetome (reviewed in (Christ et al., 2007) . In this context, it acts as a transcriptional activator because both endogenous Fig. 4I ), rather than being restricted to ventral-lateral cartilage as with Hoxa-5 knockdown. Black arrows point to the transverse foramen, and white arrows to the articular process, which projects anteriorly from the dorsal part of the neural arch. Both are reduced, as is surrounding cartilage. (G) Hoxa-5 mRNA in situ hybridization shows it is misexpressed throughout the infected side following injection of the RCAS-Hoxa-5 virus into PSM at HH11-2. (H) Quantitative RT-PCR reveals an approximately 2-fold decrease in Sox-9 mRNA in HH25 cervical somites infected with the RCAS-Hoxa-5 virus. Samples were processed for qPCR as diagrammed in Fig. 3B and described in the text. The ratio of Sox-9 to a ß-actin reference was quantified, and plotted normalized to the control sample; error bars represent analytical replicates.
Pax-1 and Pax-1-VP16 fusion proteins (which fuse the Pax-1 DNA binding domain to the VP16 transcriptional activation domain) negatively regulate Scx expression (Brent et al., 2003) .
To test whether Pax-1 similarly antagonizes Hoxa-5, we infected pre-somitic mesoderm with the Pax-1-VP16 virus (Fig. 7G) . This led to downregulation of Hoxa-5 expression in both the syndetome and in the lateral sclerotome, as well as the previously reported downregulation of Scx (Fig. 7H and  I) . The restricted expression pattern of Hox-5 in lateral sclerotome is thus likely accomplished in part through negative regulation by Pax-1.
Finally, given their inverse expression patterns, we also tested whether Hoxa-5 knockdown or misexpression affects Pax-1 or Pax-9 expression, but did not detect any effect (not shown). This stands in contrast to the case in mouse acromion rudiment, where some Hoxa-5 null embryos fail to form Pax-1 expressing cartilage condensations. This difference could be due to differences in timing and extent of Hoxa-5 loss of function. However, there may also be different requirements for Hox input in cartilage induction in the axial and appendicular skeleton (reviewed in Mallo et al., 2009 ).
Discussion
Hox proteins specify segmental identities in most animal embryos. Their roles in the vertebrate axial skeleton have been extensively characterized through phenotypic analysis in mice (reviewed in Wellik, 2009 ). However, the processes they regulate in somites and their derivatives are largely unknown. Importantly, it is clear that Hox proteins act over many developmental stages, and their varied roles appear to be highly context dependent (reviewed in Svingen and Tonissen, 2006) . This is well established in Drosophila (for example Pavlopoulos and Akam, 2013, and reviewed in Akam, 1998) , and becoming increasingly evident in vertebrates as well. In somites, both transplantation and misexpression studies have shown that Hox expression in PSM, prior to segmentation, is associated with fixation of segmental identities. However, Hox expression continues after segmentation and Fig. 4I . Infection was visualized at HH24-25 by mRNA in situ hybridization for the viral gag mRNA on transverse sections (A, D, G). In near-adjacent sections from the same embryos, Scx (B, E, H) and Hoxa-5 (C, F, I) mRNA were examined. In agreement with a previous report, Fgf-8 misexpression expands Scx expression medially, and Shh misexpression inhibits Scx expression (B, E, compare black arrow indicating expression near infection to white arrow on the control, uninfected side). Similarly, we find that expression of Hoxa-5 in syndetome and lateral sclerotome is positively regulated by Fgf-8 (C) and negatively regulated by Shh (F) (compare black arrows to white arrows on control, uninfected side). Misexpression of a Pax-1-VP16 fusion protein also represses Scx and Hoxa-5 expression (H, I, arrows), as was previously reported for Scx.
altering Hox expression in segmented somites also affects skeletal morphology (Carapuco et al., 2005; Fomenou et al., 2005; Kieny et al., 1972; Nowicki and Burke, 2000) . Examining Hox roles at varied developmental time points will be essential to understanding their patterning functions.
Here, we examined the role of Hoxa-5 in segmented somites. We find that partial loss of function after somite formation leads to a selective reduction of ventral-lateral cartilage from cervical vertebrae, a region derived from sclerotome highly expressing Hoxa-5 and whose final morphology varies inside and outside of the main Hoxa-5 expression domain, which corresponds to the cervical-thoracic boundary. This suggests that localized sclerotome expression may be important for its function. Supporting this, Hoxa-5 misexpression throughout cervical somites disrupts cartilage development throughout vertebrae. Finally, the somitic expression pattern of Hoxa-5 is influenced by secreted signals that pattern somites, Sonic Hedgehog and Fgf8, and by Pax-1.
Localized expression of Hoxa-5 in lateral sclerotome
Somitic Hoxa-5 expression is spatially restricted and dynamic over time ( Figs. 1 and 2 ). Unlike many Hox transcripts, Hoxa-5 has a sharp posterior expression border in somites, which in chicks corresponds to the cervical thoracic transition. Similarly, in mice, the major Hoxa-5 transcript accumulates in somites that give rise to C3-T3, with a strong posterior border at T3. Weaker expression extends posteriorly but corresponds to untranslated splice isoforms (Coulombe et al., 2010; Jeannotte et al., 1993; Larochelle et al., 1999) . It is unknown if a similar splicing and translation pattern is followed in chick, although at least two isoforms are suggested by genome-aligned EST data ( (Kent, 2002) , unpublished observation; both potential isoforms include the 3 0 UTR sequence targeted by the siRNA virus). In mid-stage somites, expression of Hoxa-5 is restricted to lateral sclerotome, and a few cells of the dorsal-medial lip of the myotome. This is not simply a default pattern for Hox genes (many of which have also distinct somitic expression patterns (Burke et al., 1995; Gaunt, 2000; Mansfield and Abzhanov, 2010; Ohya et al., 2005) . In chick, it is shared only by the nearest chromosomal neighbors, Hoxa-4 and Hoxa-6 (Mansfield and Abzhanov, 2010) . This could be due to shared regulation, although this has not been tested. In mice Hoxa-5 and Hoxa-4 share at least one enhancer element , and bicistronic Hoxa-5-Hoxa-6 transcripts have been detected (though not present in chick EST data (Coulombe et al., 2010; Kent, 2002, unpublished observation) . Characterization of these chick genes' transcript structures and regulatory elements is needed, but co-regulation, as well as partial redundancy, is possible.
3.2.
A localized role for Hoxa-5 in lateral sclerotome
Our functional analysis supports the hypothesis, based on its expression pattern, that Hoxa-5 acts in a subset of sclerotome after somites have formed to promote cervical vertebral morphology. Partial RNAi knockdown led to selective loss or reduction of the ventral-lateral vertebral cartilage in cervical segments, including cartilage surrounding the vertebral foramen and the costal process (Fig. 4) . Notably, the affected structures are derived from ventral-lateral sclerotome (Christ et al., 2000; Goodrich, 1930) , which highly expresses Hoxa-5. Further, this cartilage region takes on very different morphologies on either side of the cervical thoracic transition. Cervical vertebrae, derived from Hoxa-5 expressing somites, have transverse foramen bearing short costal processes. Thoracic vertebrae, posterior to the border of strong Hox-5 expression, instead develop ribs in the same position. These phenotypes suggest that at least part of the Hox-mediated patterning that differentiates cervical from thoracic morphologies occurs after segmentation, within structures whose morphology differs.
In contrast, no cartilage phenotype was observed in the derivatives of dorsal-lateral sclerotome, which also highly expresses Hoxa-5 (neural arches or spinous process) (Christ et al., 2000; Goodrich, 1930) . It is possible that Hoxa-5 is redundant in the dorsal but not ventral sclerotome. It is also possible that ventral sclerotome is simply more sensitive to partial Hoxa-5 knockdown, perhaps due to differences in endogenous expression levels or sensitivity to dose.
Misexpression of Hoxa-5 throughout newly formed somites led to a reduction in vertebral cartilage that was not restricted to ventral-lateral cartilage (Fig. 6 ). This further suggests that spatial and/or temporal restriction of Hoxa-5 expression is important for proper cartilage morphogenesis. It also suggests that all sclerotome is competent to respond to Hoxa-5.
3.3.
Hoxa-5 regulates Sox-9 in axial cartilage precursors
Hox proteins regulate various steps of endochondral bone development, but specific roles for individual genes vary and are largely unknown, particularly in the axial skeleton. Hoxa-5 was previously shown to influence two early steps of chondrogenesis in the mouse acromion, a part of the appendicular skeleton (Aubin et al., 2002) . It promotes formation of a Pax-1-positive mesenchymal condensation, and then negatively regulates Sox-9 within that condensation. Although we did not detect an effect of Hoxa-5 knockdown on Pax-1 expression (not shown), the latter role may be conserved in the chick axial skeleton.
Hoxa-5 expression is largely inverse to Sox-9 in developing somites, although there is some overlap (Figs. 1 and 2) . Further, functional testing indicated that Hoxa-5 negatively regulates Sox-9 in chick somites (Figs. 5 and 6 ). This correlates with the observed cartilage reduction in lateral sclerotome derivatives. Similarly, increased and prolonged Sox-9 expression in acromion condensations of Hoxa-5 null mouse embryos correlates with reduced chondrogenesis and replacement of cartilage with a ligament (Aubin et al., 2002) . Although direct transcriptional targets are unknown in either context, the common effect on Sox-9 could suggest that Hoxa-5 acts by a common pathway to regulate cartilage development in the appendicular and axial skeletons.
Hoxa-5 knockdown did not disrupt the overall spatial or temporal pattern of Sox-9 expression, but led to a modest up-regulation in a pattern similar to the endogenous one. In some sections a correlation between Sox-9 transcript levels and RCAS infection was observed (Fig. 5J-L) , which suggests cell-autonomous regulation, which would be expected if Hoxa-5 functions in sclerotome, as its expression pattern suggests.
Knockdown and misexpression of Hoxa-5 both led to cartilage reduction. However, the same has been shown for Sox-9 itself. Sox-9 is necessary for cartilage condensations to form, but then must be repressed for differentiation to proceed (reviewed in Akiyama and Lefebvre, 2011) . Lowering Sox-9 levels causes premature transition to hypertrophy and smaller skeletal elements. Conversely, prolonged Sox-9 expression delays transition to hypertrophy and also smaller skeletal elements (Akiyama et al., 2002 (Akiyama et al., , 2004 (Akiyama et al., , 2007 Bi et al., 2001; Kim et al., 2011) . We hypothesize that Hoxa-5, whose pattern is overlapping but, by mid-somite stages, mostly inverse to that of Sox-9, helps to negatively regulate local levels of Sox-9 in sclerotome. In this role, it is likely to act in combination with other known Sox-9 regulators to produce the spatially and temporally dynamic pattern of Sox-9, which could in turn influence local features of cartilage morphology.
Although we expect that the observed cartilage phenotype could be explained by Sox-9 regulation (direct or indirect), it is not known whether Hoxa-5 has additional roles in sclerotome and/or acts completely cell autonomously. Interestingly, it was recently shown that Hoxb-6 and Hoxc-10 regulate axial cartilage indirectly, via regulation of myotome; ventral myotome in turn signals to the sclerotome to promote or repress rib induction and outgrowth (Vinagre et al., 2010 . It is therefore notable that Hoxa-5 accumulates transiently in the dermomyotome lips, and by mid-somite stages is found in a cap of sclerotome surrounding the DML and VML, as well as in some DML cells. It is possible that the observed effects of Hoxa-5 are due, at least in part, to a role mediating signaling between myotome and sclerotome.
Signals that pattern somites regulate Hoxa-5 expression
We find that the spatial restriction of Hoxa-5 to lateral sclerotome is regulated by Shh and Fgf-8, signals that pattern sclerotome along the medial-lateral axis, and by Pax-1, a downstream target of Shh (Fig. 7) . Thus, spatial expression of Hoxa-5 in is integrated into a patterning program that operates at every axial level. Whether Hoxa-5 is a direct target of these signaling pathways and/or Pax-1, is not known. To our knowledge, however, this is the first demonstration of spatial Hox regulation within somites. This refers to the late expression domain; early expression, as for other Hox genes, begins before somite segmentation, and AP boundaries are established by conserved mechanisms of signaling that establish global Hox expression patterns (reviewed in (Iimura et al., 2009) ).
Fine-tuning of Hox domains within somites, mediated by somite-patterning pathways, could provide a mechanism for local regulation of the morphology of vertebral sub-structures. Indeed, the sclerotome is not a homogenous cell population, but consists of sub-domains fated to give rise to different vertebral sub-structures (vertebral bodies, neural arches, spinous processes, ribs and rib-homologous structures) that vary to differing extents along the body axis. Sclerotome sub-domains are marked by distinct combinations of gene expression, and to some extent have different evolutionary histories as well (Christ et al., 2007; Zhang, 2009) . The morphology of vertebral sub-structures is influenced by antagonism between sub-domains, as well as differential responses to signal gradients from surrounding tissues, and localized transcription factor expression that controls proliferation and differentiation rates. This localized transcription factor expression includes Pax, Msx, and Foxc family members (reviewed in Brent and Tabin, 2002) . Integrating Hox expression into pathways that operate at every axial level could further regulate local cartilage morphology at specific axial levels.
3.5.
The Hox code and evolution of the cervical vertebral morphology
The most obvious difference between thoracic and cervical morphologies is the presence vs. absence of ribs. However, cervical rib repression is thought to have evolved independently in the bird, mammal, and turtle lineages (Liem et al., 2001) , and involves differences in morphology and developmental mechanisms for rib repression. For example, birds bear costal processes on most cervical segments, but mammals do not. Further, in mammals and birds, cervical rib anlagen are thought to fuse with vertebral bodies to form the transverse foramen but in turtles, cervical rib anlagen never form at all (reviewed in Goodrich, 1930) . Although Hox-mediated patterning of segmental identities long predates the origin of vertebrates, some adaptations within vertebrate lineages could be mediated by variation in Hox expression or function. AP shifts in Hox boundaries are well documented to correlate with variation in axial formulae (Burke et al., 1995; Gaunt, 2000) . But changes in later and/or more localized expression could also play a role, for example, recruitment of Hoxa-5 or other Hox genes to rib precursors in cervical segments. In this context, it is interesting that Hoxa-5 expression varies in AP boundaries and in patterns within somites in different vertebrate lineages. In mice, Hoxa-5 is expressed in and patterns cervical and thoracic segments surrounding the C-T transition (Jeannotte et al., 1993) . In chicks, strong somitic expression has a posterior boundary at the C-T transition. In turtles, expression is mainly cervical but confined to the myotome, in contrast to other species (Ohya et al., 2005) . In alligators, close relatives of birds that lack a sharp cervicalthoracic transition, expression is mainly thoracic, although its accumulation pattern within sclerotomes is quite similar to that in chicks (Mansfield and Abzhanov, 2010) . Further functional studies, on Hoxa-5 and co-expressed Hox genes, could address whether these expression differences mediate some of the patterning differences between these species.
4.
Materials and methods
Generation of RCAS viruses
Three candidate siRNAs matching the chick Hoxa-5 mRNA sequence (Genbank #AY686640) were designed using the ''RNAi Oligo Retriever'' program (Paddison et al., 2004) . siRNA sequences were as follows: si1: cccggactaccagttacataat; si2: ccctaagcgtttgatcaattaa; si3: tgcgtctcatgtcagtactaag. Oligonucleotides containing inverted repeats of each sequence were synthesized, PCR amplified, digested and ligated with EcoRI and Xba I into the pU6-miR30-GFPsh478 vector (Matsuda and Cepko, 2007) to generate chimeric miRNAs in which the mature sequences are perfectly complementary to Hoxa-5 (Harpavat and Cepko, 2006; Paddison et al., 2004; Zeng et al., 2002) . Each chimeric miRNA fused to the U6 promoter was excised with ClaI and ligated separately into the RCAS(B) vector (Hughes et al., 1987) . The RCAS-let-7e virus was generated similarly, except that the hairpin sequences was generated by PCR amplification of the mouse let-7e hairpin 5 0 (ggaattccccgggctgaggtagg), 3 0 (ggaattccctggggaaagctagg) appended to EcoRI sites. This sequence was cloned via EcoRI into the pSport6-U6 vector to append the U6 promoter (Harpavat and Cepko, 2006) , digested with ClaI and ligated into the RCAS(B) vector. The RCAS-Hoxa5 misexpression virus was generated by PCR amplifying the chick ORF from cDNA (clone 382m24, ARK Genomics) using the following primers to append BspHI and EcoRI sites (Fwd: 5 0 -ACTGTCATGAGCTCTTATTTTGTAA-ACTC; Rev: 5 0 -GTCACTTAAGTTAGGGACGGAATGCCCC). The product was cut by partial digest with BspHI and EcoRI and cloned into the NcoI and EcoRI sites of the pSlax13 shuttle vector (Logan and Tabin, 1998) . The insert was excised with ClaI and cloned into the RCAS(A) vector (Hughes et al., 1987) . Other viral vectors were gifts from Connie Cepko (Fgf-8-RCAS) and Cliff Tabin (Shh-RCAS, Pax1-VP16) and have been previously described (Brent et al., 2003; Riddle et al., 1993) . Retroviral stocks were produced in DF-1 chick embryonic fibroblasts, collected, concentrated and titered as previously described (Hughes et al., 1987; Logan and Tabin, 1998) . Of the three siRNA viruses, the si3 oligo-containing virus showed the greatest reduction in Hoxa-5 mRNA transcript by qPCR (not shown) and was used in all experiments.
Injection of RCAS viruses
Fertilized white Leghorn chick eggs were obtained from the University of Connecticut Poultry Farm (Storrs, CT), incubated at 38°C and staged according to Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1992) . Viral stocks were supplemented with 0.1 volume injection dye (1X PBS; 1 mM MgCl 2 , 5% fast green, 6.3% carboxymethylcellulose). Embryos were microinjected as previously described (Logan and Tabin, 1998) between HH11 and 12 to target precursors of the posterior cervical somites in the PSM. For qPCR, both sides of the PSM and the neural tube were targeted by pooling virus inside these structures; for all other experiments the right PSM was unilaterally targeted. Following injection, embryos were hydrated with approximately 1 mL chick Ringer's solution containing penicillin and streptomycin (5 U and 5 lg/mL, respectively), windows sealed with mailing tape and eggs reincubated at 38°C until the appropriate stage.
4.3.
mRNA in situ hybridization mRNA in situ hybridizations were performed in whole mount (Fig 1A and B) or on 10 lM paraffin sections as previously described (Brent et al., 2003; Dietrich et al., 1997; McGlinn and Mansfield, 2011) . The Hoxa-5 probe was synthesized from chick EST clone 382m24 (ARK Genomics). Other probes included: Sox-9 (Healy et al., 1999) , Pax-9 (Muller et al., 1996) , qPax-1 (Johnson et al., 1994) , Myf-5 (Brent and Tabin, 2004) , Scx (Schweitzer et al., 2001 ) and RCAS (Johnson et al., 1994) . Single probe detection was performed with dig-labeled probes and detection with NBT/BCIP or BM Purple. For double detection, probes were labeled with dig or fitc and detected with AP-conjugated antibodies and NBT/BCIP, BM Purple or NBT/ INT (Roche).
Immunohistochemistry
Immunohistochemistry was performed as previously described (Brent et al., 2003) . Monoclonal antibodies were against the retroviral Gag protein (AMV-3C2, Developmental Studies Hybridoma Bank, diluted 1:5) and detected with Cy3-conjugated anti-mouse secondary antibodies (Jackson Immuno Research, 1:400). For immuno histochemical staining combined with in situ hybridization, the sections were incubated in the primary and secondary antibodies after mRNA probe hybridization but prior to probe detection.
Skeletal preparations and vertebral phenotype analysis
Whole mount Alcian blue staining was performed as previously described (Bandyopadhyay et al., 2006) . Individual vertebrae were dissected with tungsten needles and photographed in 100% glycerol. To score vertebral cartilage phenotype, embryos from uninfected controls, or infected with Hoxa-5-siR-NA, Hoxa5 misexpression or let-7e misexpression viruses were harvested between embryonic day 8 and 11 (HH35-37), stained in whole-mount with Alcian blue, and individual vertebrae were dissected and analyzed under a dissecting microscope. Vertebrae with reduced cartilage on the right (targeted) compared to left side, or reduced on the left (untargeted) compared to right side were scored and are listed in Supplementary Table 1 . Any vertebrae damaged during dissection were excluded and listed as ''not scored''. An ''asymmetry score'' was calculated for each embryo. For this, each vertebra with reduced cartilage on the right (targeted) side was assigned a value of 1, each vertebra with reduced cartilage on the left (untargeted side) was assigned a value of À1, and each symmetrical vertebra was assigned a value of 0. Embryo scores are the sum of individual scores for C8-C14. A positive value reflects the number of vertebrae with cartilage reduction on the targeted (right) side, a zero value reflects symmetrical development of all vertebrae (with the exception of control sample #17 and RCAS-siRNA #11 and #13), and those with negative asymmetry scores showed cartilage reduction on the left (untargeted) side. Histograms of asymmetry scores for each population are shown in Supplementary Fig. 1. 
4.6.
Hoxa-5 GFP reporter assay
The 3 0 UTR region targeted by the Hoxa-5 si3-containing virus was PCR amplified from cDNA (382m24, ARK Genomics) (5 0 -ACTGGCGGCCGCGTTTGATCAATTAAAAGT ACTG and 5 0 -ACTGGCGGCCGCGTACGATAAAAGCAGATCTACT) and the product was digested with Not I and cloned into the pCAGnGFP vector such that it was inserted between the GFP coding sequence and the SV40 3 0 UTR (Matsuda and Cepko, 2004) . DF-1 chick embryonic fibroblast cells were maintained as previously described. Cells were infected at approximately 60% confluence with approximately 10 9 viral particles of the Hoxa-5 si3 virus. After 48 h, infected and control plates were transfected with the GFP reporter plasmid using Fugene 6 transfection reagent (Roche) according to manufacturer's instructions. Live cells were monitored for GFP fluorescence for up to 72 h post-transfection.
Quantitative RT-PCR
Chick embryonic PSM (both sides) and neural tube were infected by microinjection of viruses as described above, or unifected in controls. For Sox-9 quantification, embryos were harvested at HH25-27 and a section of cervical trunk containing somites 13-19 (the somites that express Hoxa-5), neural tube, and a constant amount of surrounding tissue extending to the ventral edge of the aorta were excised. Forelimb tissue, which also expresses Hoxa-5, was excluded from dissections. 8-9 embryos was pooled for siRNA-infected and paired control samples (animals were stage-matched across samples). Tissue from three embryos was pooled for misexpression and paired, stage-matched control samples. For Hoxa-5 measurements, embryos were infected and harvested as described above at HH20 (n = 1 animal per sample) or HH25 (n = 4 animals per sample). Tissue was homogenized immediately in Trizol reagent (Invitrogen #15596) and total RNA purified according to manufacturer's instructions. First strand cDNA synthesis was carried out using the Cloned AMV First-Strand cDNA Synthesis Kit (Invitrogen #12328-032) with random hexamer primers. Real-time quantitative RT-PCR (qPCR) was performed using the SYBR Green method and a Light Cycler 480 instrument (Roche). 20 lL reactions contained Sybr Green I Master mix (Roche 04707516001), 20 pmol each primer and 0.5 lL cDNA, no-RT control cDNA or dH 2 0 for no-template controls. Cycling conditions were as follows: 5 0 95°C incubation followed by cycles of 10 s at 95°C, 10 s at 57°C, 16 s at 72°C until experimental reactions had gone to completion. Each reaction was performed in triplicate. Primer sequences were designed using Primer3 Version 0.4.0 (Rozen and Skaletsky, 2000) and each was tested for specificity and for efficiency (all are between 1.9 and 2.1) using melt-curve and standard curve analysis, respectively. Primer sequences are as indicated: Hoxa-5 The fit-points method was used to calculate crossing points, and expression of target genes was normalized to ß-actin or to both the ß-actin and Gapdh reference genes using the Roche Lightcycler 480 software version 1.5. Data are presented as mean fold change in mRNA expression ± SEM (n = 3, the number of analytical replicates).
